neovascularization; adipose stem cells ABDOMINAL AORTIC ANEURYSMS (AAAs) are permanent dilations that lead to death due to rupture (12) . Pathology of AAAs includes degradation of aortic elastin, inflammation, and adventitial neovascularization (10, 11, 19, 20, 27) . However, the sequence of these events in the formation of AAAs and their specific roles in AAA progression are poorly understood. This lack of knowledge most likely contributes to a paucity of medical therapies for treatment of AAAs.
Many laboratories have demonstrated that infusion of angiotensin II (ANG II) to hypercholesterolemic mice results in AAA formation (8, 9) . Risk factors for ANG II-induced AAAs, similar to the human disease, include male gender (15, 17) and obesity (24) . Recent studies in our laboratory demonstrated that inflammation in periaortic adipose tissue surrounding abdominal aortas with obesity was associated with enhanced ANG II-induced AAA formation in obese mice (24) .
Weight loss has been demonstrated to improve insulin sensitivity and many cardiovascular diseases associated with obesity (13, 29, 32, 34) . Moreover, diet-induced weight loss decreased macrophage infiltration and chemoattractant gene expression in adipose tissue, contributing to reductions in systemic inflammation (3, 4) . These beneficial effects of weight loss would be anticipated to favorably impact the progression of AAAs. In this study, we examined effects of weight loss in diet-induced obese mice on the progression of established ANG II-induced AAAs. The purpose of this study was to determine whether dietary weight loss as a lifestyle modification influenced the progression of AAAs as a potential therapy for this highly lethal vascular disease.
METHODS

Animals.
Male C57BL/6 mice (8 wk old, Jackson Laboratory, Bar Harbor, ME; n ϭ 120) were fed a high-fat diet (HF; D12492, 60% calories from fat, Research Diets) for 20 wk. At week 20, mice were assigned to groups fed the HF diet for an additional 8 wk (n ϭ 60; HF/HF), or fed a low-fat diet (LF; 12450B, 10% calories from fat, Research Diets; n ϭ 60; HF/LF) to induce weight loss. All mice were housed at 22°C (14:10-h light-dark cycle) with free access to food and water. All procedures involving animals were approved by the Institutional Animal Care and Use Committee at the University of Kentucky.
ANG II infusion. ANG II (1,000 ng·kg Ϫ1 ·min Ϫ1 ) or saline was infused by subcutaneously implanted Alzet minipumps (Model 2004) from weeks 16 -28, as described previously (9) . Infusions were continued by replacement of minipumps containing fresh saline or ANG II at weeks 20 and 24.
Experimental protocol. After 4 wk of ANG II infusion, abdominal aortas of ANG II-infused mice were scanned by noninvasive highfrequency ultrasound to detect AAA formation (Supplemental Fig. I ; the online version of this article contains supplemental data). Mice identified with AAAs (defined as luminal diameter increase Ͼ 30% from baseline) were assigned to the HF/HF or HF/LF groups (n ϭ 15/group) for an additional 8 wk. Only mice with a formed AAA (30% increase in lumen diameter) were included in further data analyses. ANG II-induced AAAs differed in size, as reflected by aortic lumen diameters (range from 1.25 to 2.95 mm). Large and small AAAs were assigned to both HF/HF and HF/LF groups. Salineinfused mice were also assigned to HF/HF or HF/LF groups (n ϭ 15/group) at week 20. At study endpoint, mice were anesthetized (ketamine/xylazine, 100/10 mg/kg ip), and blood was obtained via cardiac puncture. After the right atrium was cut, mice were exsanguinated by perfusion through the left ventricle, and tissues (retroperitoneal fat and the aorta from the heart to ileal bifurcation) were dissected.
In vivo ultrasonic measurements. Abdominal aortas of mice were visualized with high-frequency ultrasound (Vevo 660, VisualSonics, Toronto, Canada) at weeks 16, 20, 24 , and 28, as described previously (1) . Lumen diameters were measured on images at maximal dilation. Two investigators experienced in ultrasound and blinded to the experimental design obtained measurements on each mouse (mean of two measurements used for each mouse).
Measurements of serum and plasma components. Serum cholesterol concentrations were determined in all mice using enzymatic kits (Wako Pure Chemical, Richmond, VA). Lipoprotein cholesterol distribution was performed on a subset of mice (n ϭ 5 per group) by size exclusion chromatography, as described previously (17) . Plasma renin concentrations were measured by generation of ANG I in the presence of excess angiotensinogen substrate, as described previously (6) . Plasma insulin and adipokine concentrations were determined in ANG II-infused mice using a mouse adipokine lincoPlex multiplex immunoassay kit.
Assessment of aneurysmal pathology. Aortas were dissected free and fixed overnight in paraformaldehyde, and extraneous tissue, including periaortic adipose tissue, was removed. To quantify AAA severity, we measured the maximal diameter of cleaned suprarenal aortas (average of three measurements per tissue with aorta oriented for maximal diameter) using Image Pro Plus 5.1 (MediaCybernetics, Bethesda, MD) in all mice from each group. To assess tissue pathology, we chose three suprarenal aortas with external diameters close to the mean for each group. Briefly, after fixation and the removal of extraneous tissue, aortas were injected with low-melting-point agarose containing green dye (31) . The suprarenal (AAA-containing) segment of each aorta was embedded in OCT and serially sectioned using a cryostat. Each aortic segment included tissue from ϳ12 mm above and ϳ3 mm below the left renal branch. Aortic segments were sectioned in serial series with nine tissue sections per slide (10-m sections; each slide representing ϳ100-m distance of the suprarenal aortic segment). Sections were fixed with absolute alcohol and stained using hematoxylin and eosin, and for Factor VIII Related Antigen (Von Willebrand Factor; Signet Laboratories, Dedham, MA; 1:50 dilution; secondary antibody biotinylated rabbit anti-rat, Vector Laboratories, Burlingame, CA, 1:200 dilution). Tissue sections underwent antigen retrieval (steam; 10-min incubation in Antigen Unmasking Solution, Vector Laboratories) before antibody incubations. A peroxidase-based ABC system and red chromagen AEC (both from Vector Laboratories) were used to identify the antigen-antibody reactions. An isotype-matched IgG was used as control, as was omission of primary antibody. Nuclei were counterstained with hematoxylin. For quantification of adventitial area and endothelial cell numbers, three sections per mouse were chosen within the aneurysm region of medial dissection. Area measurements were taken of the adventitia, the lumen, and the media ϩ lumen, using the entire circumference of each aortic section. Adventitial area was quantified using Image Pro Plus 5.1. For quantification of endothelial cell numbers, four fields per section (3 sections per mouse, for a total of 36 fields per experimental group and across a distance of 100 m) were analyzed for Von Willebrand factor positive immunostaining. Endothelial cell number was normalized to the adventitial surface area for each section.
Whole vessel CD31 immunostaining of vasa vasorum. After cleaning of paraformaldehyde fixed aortas, they were permeabilized overnight with buffered saline containing 1% bovine serum albumin (BSA) and 0.1% Triton X-100. We performed CD31 immunostaining (35) on n ϭ 3 aortas/diet group using aortas with maximal external diameters close to the mean for each group. Endogenous peroxidase activity was blocked by incubation (1 h) in 0.3% hydrogen peroxide. A monoclonal rabbit anti-mouse CD31 antibody (0.5 g/ml; Abcam, Cambridge, MA) was incubated overnight at 4°C, with aortas (n ϭ 3) from ANG II-infused mice in each diet group, followed by incubation with a biotinylated goat anti-rabbit IgG secondary antibody (1:500, Vector Laboratories) for 2 h. Positive immunostaining was detected using an avidin-linked peroxidase complex kit (ABC kit, Vector Laboratories), followed by incubation of aortas with 0.05% diaminobenzidine substrate in 50 mM Tris, pH 7.4, and then 0.01% hydrogen peroxide. Color was developed over 5 min in a shaded area. Aortas incubated with secondary antibody only served as controls for specificity of immunostaining.
Preparation of the stromal vascular fraction of adipose tissue. Segments of retroperitoneal fat, visceral adipose tissue in close proximity to the site of aneurysm formation, were collagenase digested to isolate the stromal vascular fraction (SVF). Briefly, adipose tissue pieces were excised and minced in Kreb's bicarbonate buffer containing 1% BSA. Minced samples were digested with collagenase (1 mg/ml; Worthington, Freehold, NJ) at 37°C for 1 h with shaking. The digested cell suspension was passed through a sterile 100-m filter and centrifuged (500 g, 10 min) to separate floating adipocytes from the SVF.
Quantification of mRNA abundance by real-time PCR. Total RNA was extracted from the SVF of abdominal adipose tissue using Trizol. RNA quality (18-to-28S ribosomal RNA ratio) was assessed in three samples per experimental group using a Bio-Rad Experion Automated Electrophoresis System (Bio-Rad, Hercules, CA). Mouse primers were designed using Primer 3 and obtained from Operon (Operon Biotechnologies, Huntsville, AL). Relative quantification of mRNA abundance for each gene of interest was performed using an iCycler (BioRad) based on a standard curve method using the SYBR Green PCR core reagent (Applied Biosystems). Primer sequences are in Supplemental Table I , and data are expressed as ratio of 18S mRNA.
Statistical analyses. Data are presented as means Ϯ SE. Data were analyzed using two-way ANOVA, with diet (HF/HF, HF/LF) and treatment (saline, ANG II) as between-group factors. If statistical differences existed between experimental groups, Tukey's test was utilized for post hoc analyses. Values of P Ͻ 0.05 were considered to be statistically significant. All statistical analyses were performed using SigmaStat (SPSS).
RESULTS
Effects of weight loss in obese mice on metabolic parameters.
Chronic HF feeding for 16 wk led to significant weight gain ( Fig. 1) , with an average body weight of ϳ50 g (100% gain from baseline) before ANG II infusion. The LF diet promoted significant weight loss in obese mice, as HF/LF mice exhibited decreased final body weights compared with HF/HF mice (HF/ LF: 37 Ϯ 1 and 33 Ϯ 1; HF/HF: 58 Ϯ 1 and 49 Ϯ 2 g; P Ͻ 0.05, saline and ANG II-infused, respectively). In addition, there was a significant effect of ANG II infusion to decrease body weight compared with saline-infused controls (P Ͻ 0.001 compared with saline, Table 1 and Fig. 1 ). The mass of retroperitoneal adipose tissue was decreased with LF feeding and ANG II infusion (Table 1) .
Total sera cholesterol concentrations were decreased with weight loss in HF/LF compared with HF/HF mice infused with saline or ANG II (Supplemental Fig. II) . In HF/LF mice (saline or ANG II infusion), HDL cholesterol predominated, while HF/HF mice exhibited a proportion of LDL cholesterol (Supplemental Fig. II) . Plasma renin concentrations were increased with weight loss in HF/LF compared with HF/HF mice infused with saline or ANG II (Table 1 ). In addition, plasma renin concentrations were decreased from ANG II infusion in HF/ LF, but not HF/HF mice. In saline and ANG II-infused mice, weight loss in HF/LF mice decreased plasma concentrations of leptin and resistin (Supplemental Table II ). Plasma insulin concentrations were decreased with weight loss in HF/LF compared with HF/HF mice infused with ANG II, but not saline. Weight loss in HF/LF mice reduced plasma resistin concentrations in saline and ANG II-infused mice. In addition, plasma resistin concentrations were increased by infusions of ANG II in HF/HF and HF/LF mice.
Weight loss limited adventitial expansion and neovascularization of ANG II-induced AAAs.
In saline-infused mice, lumen diameters of abdominal aortas were not different between HF/HF and HF/LF mice at study endpoint (HF/HF, 1.10 Ϯ 0.02; HF/LF, 1.02 Ϯ 0.02 mm; P Ͼ 0.05). Lumen diameters of suprarenal aortas of mice in each diet group increased following 28 days of ANG II infusion ( Fig. 2A) . However, there was no change in aortic lumen diameters of HF/HF or HF/LF mice from days 28 through 84 of ANG II infusion. Moreover, lumen diameters were not different between HF/HF and HF/LF mice at study endpoint (1.7 Ϯ 0.2 vs. 1.8 Ϯ 0.2 mm). In salineinfused mice, maximal external diameters were not different between HF/HF and HF/LF mice (Fig. 2B) . Infusion of ANG II increased maximal external diameters in both HF/HF and HF/LF mice. However, maximal external diameters were decreased with weight loss in ANG II-infused HF/LF compared with HF/HF mice ( Fig. 2B; Supplemental Fig. III) . Approximately 10% of HF-fed mice died of aortic rupture during the first 28 days of ANG II infusion. All remaining mice survived the protocol through day 84 of ANG II infusion, regardless of diet group.
Medial areas of aneurysmal sections from HF/HF and HF/LF mice were similar (Fig. 3) . In contrast, adventitial areas were markedly decreased (by 58%) in aneurysmal sections from HF/LF compared with HF/HF mice (Fig. 3) . The number of adventitial cells that stained positively for Von Willebrand factor was strikingly decreased (by 64%), with weight loss in aneurysmal sections from HF/LF compared with HF/HF mice (Fig. 4A) . Whole vessel staining of vasa vasorum was reduced in aortas from HF/LF mice compared with aortas from HF/HF mice (Fig. 4B) .
In rats, adipocytes were demonstrated previously to be within 50 -100 m of smooth muscle cells in the aortic media (14) . The SVF of adipose tissue contains preadipocytes that are capable of differentiating to mature adipocytes. In addition to formation of new adipocytes, these multipotent, adipose-derived stem cells can differentiate into a variety of cell types, including endothelial cells for neovascularization of adipose tissue (21) . Given the close proximity of adipose tissue to the vascular adventitia, we hypothesized that weight loss limited available adipose-derived stem cells for neovascularization of the aortic adventitia, thereby limiting AAA progression with continued ANG II infusion. In SVF from adipose tissue in close proximity to the suprarenal aorta, mRNA abundance of CD34, a marker of bone marrow-derived stem cells, was reduced with weight loss in saline-infused mice (Fig. 5A , P Ͻ 0.05). However, while infusion of ANG II had no effect on CD34 mRNA abundance in HF/HF mice, the effect of weight loss to reduce CD34 mRNA abundance was lost in SVF from ANG II-infused mice. Interestingly, infusion of ANG II increased mRNA abundance of the adipose-derived stem cell marker CD105 in SVF from HF/HF mice ( Fig. 5B , P Ͻ 0.05), and this effect was blunted by weight loss. We also defined effects of weight loss on inflammatory cytokines, inflammatory cell markers, and angiogenic factors in SVF from retroperitoneal adipose tissue of HF/HF and HF/LF mice (Supplemental Table III ). Infusion of ANG II had no effect on mRNA abundance of any factors examined in HF/HF mice. Weight loss reduced mRNA abundance of inflammatory cell markers and cytokines in saline-infused mice, but these effects were abolished in SVF from HF/LF mice infused with ANG II.
DISCUSSION
The major findings of this study are that weight loss in diet-induced obese mice limits adventitial expansion of established ANG II-induced AAAs. Reductions in adventitial areas in AAAs from mice experiencing weight loss were associated with a striking reduction in adventitial neovascularization. The SVF from visceral adipose tissue in close proximity to ANG II-induced AAAs exhibited reductions in mRNA abundance of an adipose-derived stromal cell marker with weight loss, suggesting reductions of precursor stem cells for adventitial neovascularization. Collectively, these results suggest that weight loss in obese subjects may serve as a lifestyle modification impacting AAA progression.
Our results do not support progressive elevations in suprarenal aortic lumen dilation with prolonged ANG II infusion in obese C57BL/6 mice. Reductions in body weight in obese mice by infusion of ANG II may have contributed to the lack of progressive lumen dilation. However, a lack of progressive increases in aortic lumen diameter in the present study is consistent with previous findings in apoEϪ/Ϫ mice infused for prolonged periods with ANG II (33) . The absence of progressive increases in aortic lumen diameter in ANG II-infused obese mice suggested that weight loss would have to regress an established AAA to have a favorable impact on this experimental measure. Our results demonstrate that weight loss was unable to regress the lumen dilation associated with ANG II-induced AAAs. To our knowledge, only one study has demonstrated that inhibition of JNK in vivo caused regression of established ANG II-induced AAAs (33) .
Despite an inability to regress aortic lumen dilations with weight loss, external AAA diameters decreased in obese mice experiencing weight loss. Reductions in AAA diameters with weight loss resulted from decreased adventitial expansion. An interesting finding in the present study was the effect of weight loss to decrease neovascularization of the adventitia and limit AAA expansion. The thinner wall of AAAs in mice experiencing weight loss did not result in aneurysmal rupture, suggesting that the remodeling was beneficial.
Neovascularization is a prominent feature of human AAAs and is thought to contribute to clinical progression of the disease (7, 23) . Previous studies demonstrated that AAAs formed from prolonged ANG II infusion (2 mo) to apolipoprotein E-deficient mice exhibited increased neovascularization of the aortic adventitia (26) . Recent studies demonstrated that ANG II-induced AAAs are associated with increased expression of vascular endothelial growth factor receptors 1 and 2 in areas of neovessel formation, and that an inhibitor of angiogenesis limited AAA formation (28) . The source of stem cells for neovascularization of atherosclerotic plaques or for adventitial neovascularization in large arteries, such as the aorta, has been controversial. However, studies by Bentzon et al. (2) , using green fluorescent protein-labeled bone marrow cells administered to apolipoprotein E-deficient mice, demonstrated that smooth muscle cells after plaque disruption were derived entirely from local sources and not from circulating progenitor cells.
Recent studies by our laboratory demonstrated that adipose tissue surrounding abdominal aortas of obese mice exhibited inflammation that was associated with enhanced ANG IIinduced AAA formation (24) . Results from the present study demonstrate that weight loss reduced the mass of retroperitoneal adipose tissue. Angiogenesis plays a significant role in adipose tissue growth (22, 25, 30) , with the large reservoir of adipose-derived stem cells available for new vessel formation to supply nutrients to the expanding tissue. Recent studies demonstrated that ANG II increased differentiation of adiposederived stem cells to smooth muscle-like cells, supporting a role for ANG II in neovascularization (18) . To our knowledge, this is the first study to report that ANG II infusion promotes expression of an adipose-derived stem cell marker in SVF from obese mice, an effect abolished in mice experiencing weight loss. It is unclear whether stem cells residing in adipose tissue within close proximity to the aorta can influence adventitial neovascularization. However, our results support further investigation of this stem cell source for adventitial neovascularization in AAAs.
Similar to previous reports (13, 29, 32, 34) , weight loss resulted in a variety of favorable effects, including reductions in serum cholesterol concentrations and more favorable lipoprotein distributions, reduced adipose mass and body weight, and elevations in plasma renin concentrations (indicative of reductions in systemic concentrations of ANG peptides) (5). Moreover, weight loss decreased mRNA abundance of inflammatory cytokines and T-cell markers in retroperitoneal adipose tissue, A: mRNA abundance of CD34, a bone marrowderived stem cell marker, is reduced in SVF with weight loss in saline, but not ANG IIinfused mice. B: mRNA abundance of CD105, an adipose-derived stem cell marker, is increased by ANG II in SVF from HF/HF, but not HF/LF mice. Values are means Ϯ SE from n ϭ 3-5 mice/group. *P Ͻ 0.05 compared with HF/LF within infusion. **P Ͻ 0.05 compared with saline within diet.
but elevated anti-inflammatory cytokine expression. Favorable effects of weight loss on serum cholesterol concentrations and plasma cytokines were preserved in ANG II-infused mice and thus may have contributed to remodeling of established AAAs. However, favorable effects of weight loss on adipose mRNA abundance of cytokines and T-cell markers were abolished in mice infused with ANG II, suggesting that these factors were not involved in adventitial remodeling of AAAs.
In conclusion, results from this study demonstrate that weight loss of obese mice remodels established ANG IIinduced AAAs by limiting expansion and neovascularization of the aortic adventitia. Reductions in adipose-derived stem cells in visceral adipose tissue in close proximity to the aorta may have contributed to reduced neovascularization and limited adventitial thickening of AAAs. Moreover, favorable changes in serum lipids, adipokines, and inflammatory cytokines may have contributed to adventitial remodeling of ANG II-induced AAAs. These results suggest that the lifestyle modification of weight loss may have favorable impacts on the progression of AAAs.
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